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Vapor-Phase Direct Hydration of Ethylene over Zirconium 
Tungstate Catalyst 

II. Catalytic Behavior at High Pressures 

We recently reported that zirconium 
tungstate (ZrW) having a molar composi- 
tion of W/Zr = 2.0 efficiently catalyzed the 
vapor-phase direct hydration of ethylene at 
atmospheric pressure, and discussed the 
catalytic behavior of ZrW in connection 
with kinetic consideration (I). Commercial 
ethylene hydration processes are usually 
operated at 60-80 kg/cm*. In order to ex- 
amine practical applicability of the ZrW 
catalyst, this paper describes the catalytic 
features of ZrW in the ethylene hydration 
reaction under elevated pressures; the ef- 
fects of the reaction variables (pressure, 
H20/C2H4 mole ratio, space velocity) on the 
yields of ethanol and by-products (acetalde- 
hyde, diethyl ether, butenes) are discussed. 

The ZrW (WlZr = 2.0) was prepared ac- 
cording to the previous method (1). The 
reaction was carried out in a flow system 
(Fig. 1). The catalyst (15-50 ml, 16-42 
mesh) was placed in the middle part of the 
reactor (H) (stainless steel, 28+ x 600 mm). 
Both the remainder of the reactor and the 
preheater (G) (stainless steel, 284 x 340 
mm) were packed with pieces of stainless- 
steel helix. The temperatures were con- 
trolled and measured by use of Chromel- 
Alumel thermocouples. The reactor and the 
preheater were heated by means of electric 
furnaces under nitrogen atmosphere. When 
each temperature attained a prescribed 
level, nitrogen was pressurized up to the 
reaction pressure and flowed at a rate be- 
tween 40 and 60 nl/h. At the same time wa- 
ter was added to the reactor by a plunger 
pump (E). Then the nitrogen stream was 
switched to the pressurized ethylene 

stream which passed through a rotameter 
(D). A gaseous mixture of the products 
from the reactor was air-cooled. Most of 
the mixture was collected in a separator (J) 
maintained at a constant temperature (e.g., 
20°C at 70 kg/cm*) and the rest was dis- 
charged together with the unreacted ethyl- 
ene. The liquid products in the separator 
and the off-gas were analyzed at every l-h 
interval by GLC using columns of PEG- 
1000 on Flusin T (1.5 m) and Porapak-Q 
(2 m). The steady formation of ethanol was 
usually observed after 2-3 h of reaction. 

FORMATION OF ETHANOL 

(a) Effect of Reaction Pressure 

At each pressure, the yield of ethanol 
(moles of C2HsOH formed per mole of C2H4 
fed, in percent) increased with tempera- 
ture, passed through a maximum, and then 
decreased owing to equilibrium limitation 
(Fig. 2). The maximum yield increased with 
pressure shifting toward higher tempera- 
ture. The discrepancy between the ob- 
served yield under the equilibrium limita- 
tion and the theoretical yield that was 
calculated according to Ewell’s method (2) 
became greater at higher pressures. This is 
ascribed partly to the by-products. How- 
ever, the amount of the by-products was 
not so great as to correspond to the discrep- 
ancy. The ZrW was found to have the maxi- 
mum pore-size distribution at around 13 8, 
radius from the measurement according to 
the methanol adsorption method (3). Under 
the present reaction conditions, this pore 
size appears to be small enough to cause 
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FIG. 1. Diagram of the reaction system. A: Compressor; B: reservoir; C: pressure regulator; D: 
rotameter; E: plunger pump; F: flow control valve; G: preheater; H: reactor; I: cooler; J: separator; K: 
water jacket; L: wet test meter; M: safety valve. 

capillary condensation of water vapor on 
the catalyst surface. Thus it is probable that 
at a space velocity of 2300 h-l the reaction 
is still also kinetically controlled even at 
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FIG. 2. Effects of reaction temperature and pressure 
on the yield of ethanol. HzO/CzH4 mole ratio: 1 .O; SV: 
2300 h-‘. 

higher temperatures and retarded by the in- 
creasing condensation of water at higher 
pressures. The reverse effect of pressure 
observed below ca. 250°C (kinetic control 
region) may be elucidated also in terms of 
the increasing condensation of water vapor 
with the increase in pressure. 

(b) Effect of Water-to-Ethylene Mole Ratio 

The effect of H20/C2H4 ratio on the yield 
of ethanol at 280°C and 70 kg/cm* is shown 
in Fig. 3. At any space velocity (SV), the 
yield of ethanol increased and the corre- 
sponding space-time yield (STY) de- 
creased with the H20/C2H4 ratio. There 
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FIG. 3. Effect of H20/C2H4 mole ratio on the yield of 
ethanol. Temperature: 280°C; pressure: 70 kg/cm2. 
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should be an optimum H20/C2H4 ratio since 
both the yield and the STY are important 
factors in process design. 

(c) Effect of Space Velocity 

The yield of ethanol at each temperature 
decreased with SV (Fig. 4). It is noted that 
the yield at a temperature below 270°C de- 
creased rapidly at higher SVs. This is pos- 
sibly due to the poisonous adsorption of 
water at lower temperatures as discussed 
above. 

FORMATION OF BY-PRODUCTS 

In almost all runs, by-products included 
acetaldehyde (AcH), diethyl ether (Et20), 
and butenes. Oily substances such as ethyl- 
ene oligomers were not detected. 

(a) Acetaldehyde 

The formation of acetaldehyde is illustra- 
ted in Fig. 5. At each pressure acetaldehyde 
increased significantly above the tempera- 
ture where the yield of ethanol became 
maximum (vide supra). This fact suggests 
that acetaldehyde is formed by the dehy- 
drogenation of ethanol over the ZrW cata- 
lyst which may be expected to reveal dehy- 
drogenation activity like that of tungsten 
oxide catalysts. Also the fact that the acet- 
aldehyde formation was suppressed with 
increasing pressure supports the dehydro- 
genation mechanism. However, the amount 
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FIG. 4. Effect of space velocity on the yield of 
ethanol. H,O/C,H, mole ratio: 1.2; pressure: 70 kg/ 
cm*. 
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FIG. 5. Effects of reaction temperature and pressure 
on the ratio of acetaldehyde to ethanol. H20/C2H, 
mole ratio: 1.0; SV: 2300 h-l. 

of hydrogen in the off-gas stream was too 
small to be detected. 

Another experiment indicated that the 
ZrW underwent reduction with ethanol to a 
certain degree. The present reaction, there- 
fore, involves the stoichiometric oxidation 
of ethanol to acetaldehyde with the ZrW 
catalyst. In fact a significant amount of ac- 
etaldehyde was detected just after the start 
of the reaction. However, its steady forma- 
tion was attained within several hours on- 
stream, which means the occurrence of the 
catalytic dehydrogenation of the product 
ethanol during the reaction. 

(b) Diethyl Ether 

In every run the equilibrated amount of 
diethyl ether was formed. The equilibration 
of the dehydration of ethanol into the ether 
was ascertained by the facts that the equi- 
librium constant calculated from the prod- 
uct compositions depended only on the re- 
action temperature and the constant did not 
change with the prior addition of the ether 
to the feeds. The equilibrium constant of 
the dehydration was 2.6 at 280°C. 

(c) Butenes 

Butenes, which were formed by ethylene 
dimerization, consisted of trans-Zbutene 
as a major component and cis-Zbutene and 
1-butene as minor components. The total 
yield of butenes increased noticeably with 



temperature (0.1-0.4 mole% of C2H4 fed). In conclusion, the ZrW catalyst was 
At a constant temperature, higher H20/ found to perform excellently in the vapor- 
CzH4 ratio reduced the dimerization reac- phase direct hydration of ethylene under 
tion. practical operating conditions. 
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The ZrW catalyst gave a quite high selec- 
tivity (94-99 mole%) at high H20/C2H4 ra- 
tios (1.2-1.8) and high SVs (2300-10,600 
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